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Abstract

”

Background: Although the pro-inflammatory cytokine interleukin (IL)6 has been generally regarded as “depressogenic,’
recent research has started to question this assumption in light of the fact that this cytokine can also have anti-inflammatory
properties. This bimodal action seems to be dependent on its concentration levels and on the concomitant presence of other
pro-inflammatory cytokines.

Methods: We exposed a human hippocampal progenitor cell line, HPCOA07/03C, to cytokine levels described in depressed
patients (IL6 5 pg/mL with IL1p 10 pg/mL or Macrophage Migration Inhibitory Factor (300 pg/mL) in healthy individuals (IL6
with IL1, 1 pg/mL or Macrophage Migration Inhibitory Factor 10 pg/mL), as well as to the potentially anti-inflammatory, much
higher concentrations of IL6 (50000 pg/mL).

Results: Treatment with high concentrations of IL6 with IL1f or Macrophage Migration Inhibitory Factor (resembling depressed
patients) decreases neurogenesis compared with low concentrations of the same cytokines (healthy individuals) and that
this is mediated via production of, respectively, IL8 and IL1f in cell supernatant. Instead, treatment with very high, anti-
inflammatory concentration of IL6 (50000 pg/mL) together with high IL13 or Macrophage Migration Inhibitory Factor prevents
decrease in neurogenesis and reduces both IL8 and IL1f. When high concentrations of both IL1p and Macrophage Migration
Inhibitory Factor were used in co-treatment, as a model of treatment-resistant depression, we also demonstrated a reduction
in neurogenesis and that this is mediated via a decrease in IL4; moreover, co-treatment with high IL13 and Macrophage
Migration Inhibitory Factor and the very high concentration of IL6 prevented the reduction in neurogenesis and increased IL4.
Conclusions: Our results demonstrate that IL6 can exert both pro- and anti-inflammatory (potentially antidepressant)
properties, depending on its concentrations and combinations with other inflammatory cytokines.
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Significance Statement

cytokines.

Several studies have shown that major depression is characterized by an increase in the production of IL6 and other inflamma-
tory cytokines, but the prevailing model that IL6 is “depressogenic” has recently been put into question in light of the fact that
this cytokine can also exert anti-inflammatory properties. In this study, we demonstrate for the first time, to our knowledge, that
treatment of human hippocampal progenitors with very high concentrations of IL6 prevent reduction in neurogenesis caused
by high concentrations of IL6 and IL1f or MIF (resembling depressed patients) and by high concentrations of both IL1f and MIF
(resembling treatment-resistant depressed patients) via regulation of distinct signaling molecules, including increases in IL8
and IL1B and a reduction in IL4. Overall, our findings show the ability for IL6 to exert both pro- and anti-inflammatory as well
as antidepressant properties, which are dependent on its concentration and the various combinations with other inflammatory

Introduction

Several studies have shown that major depression is character-
ized by an increase in the production of interleukin (IL)6 and
other inflammatory cytokines, including IL-18, and tumor ne-
crosis factor (TNF)-o (Dowlati et al., 2010; Osimo et al., 2020), but
the prevailing model that IL6 is “depressogenic” has recently
been put into question (Del Giudice and Gangestad, 2018). These
findings have fundamental clinical importance as cytokines can
directly contribute to the development of depressive symptom-
atology (Raison and Miller, 2013). These inflammatory proteins
can induce stress-related neuroendocrine alterations and cen-
tral neurotransmitter and neuroplasticity changes, reminiscent
of those commonly seen in depression (Miller and Raison, 2016),
and are elevated also during immunotherapy with interferon
(IFN)-a, which can precipitate clinical depression (Capuron
et al., 2003, 2007; Hepgul et al., 2016, 2018). In addition, higher
baseline concentrations of 2 inflammatory markers, IL13 and
Macrophage Migration Inhibitory Factor (MIF), can accurately
predict lack of antidepressant response in depressed patients
(Cattaneo et al., 2013, 2016), therefore confirming the funda-
mental role of cytokines for both the pathogenesis and treat-
ment of the depressive disorder.

As mentioned above, recent evidence suggests that IL6 may
not have only pro-inflammatory and “depressogenic” disease-
promoting inflammatory effects but also exert anti-inflamma-
tory properties (Raison et al., 2018). This bimodal action seems
to be dependent on its concentration levels and on the concomi-
tant presence of other pro-inflammatory cytokines (Pedersen
and Febbraio, 2008; Felger and Lotrich, 2013). Indeed, relatively
high concentrations of IL6, similar to those detected in blood
and cerebral spinal fluid (CSF) of depressed patients, are con-
sidered detrimental, whereas even higher concentrations,
sometimes thousands-fold higher than baseline levels—like
those found in healthy individuals, mice exposed to fasting and
exercise, or depressed patients treated with hyperthermia—
are associated with anti-depressants or mood-elevating out-
comes (Raison et al., 2018). Similarly, ketamine, which is able
to produce a rapid antidepressant effect, also acutely increases
peripheral circulating levels of IL6 (Park et al., 2016). However,
while IL6 production is very high in individuals exposed to exer-
cise or hyperthermia, levels of both IL1 and TNF-o remain in
the “inflammatory” range (Raison, 2017), therefore suggesting
that different cytokines may have differential effects in the con-
text of depression.

As mentioned above, higher concentrations of periph-
eral cytokines, including IL6, are often correlated with higher
levels in the CSF (Lindqvist et al., 2009; Tsuboi et al., 2018).
Moreover, peripheral cytokines can penetrate the blood-brain
barrier from the periphery and directly affect brain pathways
underlying the depressive psychopathology (Miller and Raison,

2016). Neurogenesis is regarded as one of the major mechan-
isms potentially involved in depression as well as a funda-
mental process required for antidepressant efficacy (Santarelli
et al.,, 2003; Boldrini et al., 2009, 2014). Indeed, using an in vitro
model of human hippocampal neurogenesis, we have previ-
ously demonstrated the ability of IL6, IL13, and IFN-a to cause
reduced neuronal cell proliferation and neurogenesis, and of the
2 antidepressants, sertraline and venlafaxine, to prevent such
inflammation-induced neurogenic changes (Borsini et al., 2017,
2018). Further work on our established model of depression in a
dish has shown that these human neuronal precursors consist-
ently respond to depressogenic challenges, like cortisol and in-
flammation, with a reduction in neurogenesis that is rescued by
antidepressant strategies like antidepressants, anti-inflamma-
tories, and omega-3 (Anacker et al., 2011, 2013a, 2013b; Zunszain
et al,, 2012; Horowitz et al., 2014; Borsini et al., 2017, 2019).

Although there is a good amount of evidence suggesting a
negative role for IL6 on cell proliferation and gliogenesis (Borsini
et al., 2015), to our knowledge, no one so far has investigated
whether higher, potentially anti-inflammatory concentrations
of IL6 could instead be beneficial for neuronal formation and
how this phenomenon could be influenced by the combination
of IL6 with other pro-inflammatory cytokines. Here, using our in
vitro model of human hippocampal progenitor cells, we investi-
gate whether treatment of cells with high concentrations of IL6
together with IL13 or MIF, resembling depressed patients, can
detrimentally affect neurogenesis, and whether treatment with
a much higher concentration of IL6, resembling the anti-inflam-
matory conditions, can instead prevent such changes. We then
test whether treatment with both IL13 and MIF, as we have pre-
viously shown in our research on treatment-resistant depressed
patients, can also affect neurogenesis, and whether treatment
with the same very high concentration of IL6 can prevent such
changes, also compared with treatment with the 2 aforemen-
tioned antidepressants, sertraline and venlafaxine (Borsini
et al,, 2017). Finally, we explore the mechanisms underlying
this putative bimodal action of IL6 using selective antibodies
against cytokines produced on exposure of cells to the various
“depressogenic” conditions.

Methodology

Cell Culture—Multipotent human hippocampal progenitor cell
line HPCOA07/03C (provided by ReNeuron, Surrey, UK) was
used (Anacker et al., 2011, 2013a, 2013b; Zunszain et al., 2012;
Horowitz et al., 2014; Borsini et al.,, 2017). This model was
previously validated using a hippocampal newborn neuron
specific marker, Prospero homeobox protein 1 (Prox1) (Anacker
et al., 2013a). Cells were left to proliferate in the presence of
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growth factors epidermal growth factor (EGF), basic fibroblast
growth factor, and 4-hydroxytamoxifen (4-OHT). Differentiation
was initiated by removal of the growth factors and 4-OHT.
Detailed information on this cell line can be found in our
previous publication (Anacker et al., 2013a).

In Vitro Treatment With Cytokines

—Across the experiment described below, we have used a range
of concentration of cytokines based on the existing literature.
Specifically, we used low and high concentrations of IL1f (1, 5
pg/mL), TNF-a (1, 10 pg/mL), MIF (10, 300 pg/mL), and IL6 (1, 5 pg/
mL), as found in blood and CSF of, respectively, healthy individ-
uals (Lindqvist et al., 2009; Pawlitzki et al., 2018) and depressed
patients (Piletz et al., 2009; Hestad et al., 2016; Kranaster et al.,
2018; Tsuboi et al., 2018). Moreover, being guided by concentra-
tions found in blood and CSF of healthy individuals or depressed
patients exposed to interventions resembling anti-inflam-
matory conditions (Raison et al., 2018), as well as by a dose-
response curve performed on our cellular model, we selected
IL6 50 000 pg/mL as the most representative “anti-inflamma-
tory” concentration of IL6. Indeed, our dose-response curve (IL6
1 pg/mL to 50 000 pg/mL) showed a U-shaped curve for neuro-
genesis (MAP2), that is, no changes with 1, 5, and 50 000 pg/mL
and a significant decrease with the intermediate concentrations
of 50, 500, and 5000 pg/mL (see supplementary Figure 1). Thus,
for our experiments in co-incubation with other cytokines, we
use the low, high, and very high concentrations of IL6 that alone
do not affect neurogenesis. Of note, IL6Receptor is expressed on
our cells especially during the differentiation period, that is, the
time point during which all the investigations were performed
(Johansson et al., 2008). Finally, IL4 (3, 30 pg/mL) was used in add-
itional experiments, as production of this cytokine was reduced
by treatment with high concentrations of both IL1f and MIF,
while treatment with the very high concentration of IL6 (50000
pg/mL) together with IL18 and MIF increased the production of
IL4 up to these concentrations in cell supernatant.

Differentiation ~Assays—To assess changes in neuronal
differentiation, HPCOA07/03C cells were plated into clear 96-well

plates (Nunclon) at a density of 1.5x10* cells per well. At least
6 independent experiments were conducted on independent
biological cultures (i.e., originating from completely independent
experiments in different days and from different cells passages),
and each sample was tested in quadruplicate. After 24 hours, cells
were cultured for 3 days in the presence of EGF, basic fibroblast
growth factor, 4-OHT, and with low and high concentrations of
IL1B (1, 5 pg/mL), TNF-a (1, 10 pg/mL), and MIF (10, 300 pg/mL).
In particular, cells were treated with each individual cytokine
either alone or in combination with low, high, and very high
concentrations of IL6 (1, 5, and 50000 pg/mL). Treatment with
selective antibodies—IL8 antibody (A) (0.5 pg/mL), IL1BA (0.1 pg/
mlL), IL6A (0.1 pg/mL), or sertraline (1 uM), venlafaxine (1 pM), or
additional cytokines, IL4 (3 and 30 pg/mL)—was then added to
some of the above experimental conditions with low and high
concentrations of IL1f3, MIF, and IL6 (see Figure 5; supplementary
Figures 5, 7, and 8). After this initial proliferation phase, cells
were washed and cultured in media containing the same
cytokines/compounds in the same combination described above
but without growth factors or 4-OHT for 7 subsequent days.
This paradigm was used for all experiments. Finally, cells were
rinsed with warm phosphate buffered saline and fixed with 4%
paraformaldehyde for 20 minutes at room temperature. Detailed
information on the differentiation assay can be found in our
previous publication (Anacker et al., 2013a).
Immunocytochemistry—Differentiation into immature and
mature neurons was assessed, respectively, with doublecortin
(DCX) (Alexa 488 donkey anti-rabbit; 1:1000) and microtubule-
associated protein 2 (Map2) (Alexa donkey 555 anti-mouse,
1:1000, Invitrogen). Apoptotic cells were examined using caspase
3 (CC3) (Alexa 488 donkey anti-rabbit; 1:1000; Invitrogen).
4’ 6-diamidino-2-phenylindole dye was used to label all cells.
Detailed information on the immunocytochemistry procedure
can be found in our previous publication (Borsini et al., 2018).

Automated Quantification of Immunofluorescence—The percentage
of DCX, Map2, and CC3-positive cells over total 4’,6-diamidino-
2-phenylindole-positive cells was counted using an insight
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Figure 1. Very high concentrations of interleukin 6 (IL6) prevent interleukin 1beta (IL1p)- and IL6-induced reduction in neurogenesis. Treatment for 3 days during pro-
liferation followed by 7 days during differentiation with a high concentration of IL1f (10 pg/mL) and a very high concentration of IL6 (50000 pg/mL) was able to prevent
the decrease in both doublecortin+ and microtubule-associated protein 2+ cells caused by high concentrations of IL1p (10 pg/mL) and IL6 (5 pg/mL) compared with low
concentrations IL1f and IL6 (1 pg/mL, both cytokines) (a, b). Co-treatment of cells with high concentrations of IL1f and IL6 increased the percentage of caspase 3 (CC3)+
cells compared with co-treatment with low concentrations of IL1p and IL6. However, co-treatment with IL1p and a very high concentration of IL6 did not prevent the
increase in CC3+cells (c). One-way ANOVA with Bonferroni’s post hoc test. Data are shown as mean + SEM; *P < .05, P < .01, “P < .001, “"P < .0001, compared with vehicle

treatment or as indicated.



automated imaging platform (Celllnsight NXT High Content
Screening Platform—ThermoScientific). Detailed information
on the imaging analyses procedure can be found in our
previous publication (Borsini et al., 2018). Due to the use of the
automated cellular quantification platform, we obtained small
differences in the percentage of DCX, Map2, and CC3-stained
cells in the control condition compared with our previous
publication, where manual counting was used (Anacker et al.,
2011). See supplementary Figure 2 for representative images.

Multiplex  Cytokine  Measurement—Cell supernatants of
differentiated cells were run on the Human Prolnflammatory
Singleplex and Multileplex Very-Sensitive Kit from Meso Scale
Discovery (Gaithersburg, MD) according to the manufacturer’s
instructions. Briefly, 50 pL of prepared samples was added
into each well of the Meso Scale Discovery plate, which was
subsequently incubated for 2 hours with vigorous shaking at
1000 rpm at room temperature. The plate was then washed 3
times with 150 pL/well of wash buffer and 25 pL of detection
antibody solution was added to each well followed by another
2 hours of incubation with vigorous shaking at 1000 rpm at
room temperature. Finally, the plate was washed for 3 times
with 150 pL/well of wash buffer, and 150 pL of 2x read buffer T
was added to each well. The plate was analyzed in the SECTOR
Imager machine for the measurement of IL1f, IL2, IL4, IL6, IL8,
IL10, IL12, IL13, MIF, IFN-y, and TNF-a.

Statistical Analysis—All statistical analyses were performed
with GraphPad Prism 8.00. In particular, one-way ANOVA with
Bonferroni’s post hoc test is used for multiple comparisons
across different cytokine treatment groups, whereas factorial
ANOVA was used for multiple comparisons across different
cytokine groups in the presence of antidepressants or cytokine
antibodies. Data are presented as mean + SEM, and P<.05 was
considered significant.

Results

Very High Concentrations of IL6 Prevent IL1f-
and IL6-Induced Reduction in Neurogenesis by
Increasing IL8 Production

Cells were treated with low concentrations of cytokines to
mimic the phenotype of healthy individuals (IL6 with IL1f or
TNF-q, all 1 pg/mL) or high concentrations of cytokines to mimic
the phenotype of depressed patients (IL6 5 pg/mL with IL1f 10
pg/mL or TNF-a 10 pg/mL); in addition, a very high concentra-
tion of IL6 (50000 pg/mL) was used to mimic “anti-inflamma-
tory” conditions (see Methods section for references explaining
the chosen concentrations). As the results for IL1 and TNF-a
are virtually identical, the Results section will focus on the com-
bination of IL1p with IL6, whereas results for treatment with
the combination of TNF-a with IL6 or for treatment with IL1f or
TNF-o alone can be found in the supplementary Materials and
in supplementary Figures 3 and 4.

Treatment of cells with high concentrations of both IL1p and
IL6 (resembling depressed patients) decreased the percentage
of DCX+ and Map2+ cells (respectively, -13%, P < .05 and -12%,
P < .05; Figure 1a,b; vs treatment with low concentrations of both
IL1p and IL6, resembling healthy individuals). However, treat-
ment with high IL18 and a very high concentration of IL6 (50000
pg/mL, resembling anti-inflammatory conditions) was able to
prevent the decrease in DCX+ and Map2+ cells, respectively
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(+9%, P<.05 and +11%, P<.05; Figure 1la,b compared with high
concentrations resembling depressed patients). Also, treatment
with both high concentrations of IL1f and IL6 increased the
percentage of CC3+ cells (+5%, P<.05; Figure 1c; vs low concen-
trations of IL1f and IL6), but in this case, treatment with high
IL1p and a very high concentration of IL6 did not prevent this in-
crease in CC3+cells (Figure 1c). This is consistent with our dose-
response curve showing that the very high concentration of IL6
alone increased apoptosis (see supplementary Figure 1).

To investigate the mechanism underpinning the changes
in neurogenesis described above, we characterize the effects
of high concentrations of IL1p and IL6 (depressed patients) vs
low concentrations (healthy individuals) on cytokine secretion
in the supernatant of the cells and investigate whether any ef-
fects on cytokine secretion can be prevented by the very high
concentration of IL6 (anti-inflammatory). We found that high
concentrations of IL13 and IL6 upregulated their own produc-
tion (Figure 2a,d), increased IL8 and IL13 (Figure 2e,h) and de-
creased IL2, IL12, IFN-y, and TNF-a (Figure 2b,g,j,k) compared
with low concentrations. Interestingly, treatment with high IL13
and the very high concentration of IL6 prevented the increase
in IL8 (levels decreased from 39.8 pg/mL to 18.6 pg/mL, P<.0001;
Figure 2e), but did not change the production of the other cyto-
kines (Figure 2a,b,d,g,h,j k).

To test whether the beneficial anti-inflammatory effect of
the very high concentration of IL6 on neurogenesis indeed was
due to the reduction of IL8 cytokine production, cells previously
exposed to both high IL13 and IL6 (depressed patients) were
co-treated with an antibody for IL8 (0.5 pg/mL). Indeed, much
like the very high concentration of IL6, exposure to such anti-
body prevented the decrease in DCX+ and Map2+ cells (+14%,
P<.01 and +20%, P<.05, vs high concentrations; supplementary
Figure 5a,b).

Very High Concentrations of IL6 Prevent MIF-
and IL6-Induced Reduction in Neurogenesis by
Increasing IL1B Production

As in the experiments above, cells were treated with low con-
centrations of cytokines to mimic the phenotype of healthy indi-
viduals (IL6 1 pg/mL with MIF 10 pg/mL) or high concentrations
of cytokines to mimic the phenotype of depressed patients (IL6
5 pg/mL with MIF 300 pg/mL); in addition, a very high concen-
tration of IL6 (50000 pg/mL) was used to mimic the “anti-inflam-
matory” phenotype. Results from treatment with MIF alone are
described in the supplementary Materials and in supplemen-
tary Figure 6.

Treatment of cells with high concentrations of MIF and IL6
(depressed patients) did not affect the percentage of DCX+
cells but decreased the percentage of Map2+ cells (-6%, P<.05,
Figure 3b, vs low MIF and IL6, healthy individuals). In contrast,
treatment with high MIF and a very high concentration of IL6
prevented the decrease in Map2+ cells (+11%, P<.05, Figure 3b,
compared with high concentrations resembling depressed pa-
tients). Also, treatment of cells with high concentrations of MIF
and IL6 increased the percentage of CC3+ cells (+7%, P<.05,
Figure 3c, vs low concentrations of MIF and IL6). However, and
similar to experiments with IL1f, treatment with high MIF and
a very high concentration of IL6 did not prevent the increase in
CC3+cells caused by high concentrations (Figure 3c).

As previously, to investigate the mechanism underpin-
ning the changes in neurogenesis described above, we char-
acterized the effects of high concentrations of MIF and IL6
(depressed patients) vs low concentrations (healthy individuals)
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Figure 2. Production of cytokines in supernatant of cells exposed to low and high concentrations of interleukin 1beta (IL1p) with low, high, and very high concentra-
tions of interleukin 6 (IL6). Concentrations of cytokines in supernatant of cells treated for 3 days during proliferation followed by 7 days during differentiation with low
and high concentrations of IL1 (1 pg/mL, 10 pg/mL) and IL6 (1 pg/mL and 5 pg/mL) and very high concentration of IL6 (50000 pg/mL). Treatment alone with a very high
concentration of IL6 increased levels of all cytokines (a-k). Treatment with high concentrations of both IL1p and IL6 significantly upregulated their own production (a,
d), increased IL8 and IL13 (e, h), and decreased IL2, IL12, interferon gamma (IFN-y), and tumor necrosis factor alpha (TNF-a) (b, g, j, k) compared with low concentrations
of both IL1p and IL6. Treatment with high IL1p and a very high concentration of IL6 prevented the increase in IL8 caused by high IL1f and IL6 compared with low IL1f
and IL6 (e) but did not change the production of the other cytokines (a, b, d, g, h, j, k). Two-way ANOVA with Bonferroni’s post hoc test. Data are shown as mean + SEM;
*P <.05, "P < .01, “P < .001, P < .0001, compared with vehicle treatment or as indicated.
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Figure 3. Very high concentrations of interleukin 6 (IL6) prevent Macrophage Migration Inhibitory Factor (MIF)- and IL6-induced reduction in neurogenesis. Treatment
for 3 days during proliferation followed by 7 days during differentiation with high concentrations of MIF (10 and 300 pg/mL) and IL6 (1 and 5 pg/mL) did not affect the
percentage of doublecortin (DCX)+cells but decreased the percentage of microtubule-associated protein 2 (Map2)+ cells compared with co-treatment with low concen-
trations of MIF and IL6 (a, b). In contrast, co-treatment with high MIF and a very high concentration of IL6 (50000 pg/mL) was able to prevent the decrease in Map2+
cells caused by treatment with high MIF and IL6 (b). Co-treatment of cells with high concentrations of MIF and IL6 increased the percentage of caspase3 (CC3)+ cells
compared with co-treatment with low concentrations of MIF and IL6. However, co-treatment with MIF and a very high concentration of IL6 did not prevent the increase
in CC3+cells caused by high MIF and IL6 (c). One-way ANOVA with Bonferroni’s post hoc test. Data are shown as mean + SEM; *P < .05, "P < .01, " P < .001 compared with

vehicle treatment or as indicated.

on cytokine secretion in the supernatant of the cells and in-
vestigated whether any effects on cytokine secretion can be
prevented by the very high concentration of IL6 (anti-inflam-
matory). Similarly to the high IL1f and IL6, we found that high
concentrations of MIF and IL6 upregulated their own production
(Figure 4d,i), plus they significantly increased IL1f (Figure 4a)
and decreased IL2, IL4, IL8, IL10, IL12, IL13, IFN-y, and TNF-o
(Figure 4b,c,e,f,g,h,j, k) compared with low concentrations of MIF
and IL6. Interestingly, treatment with high MIF and a very high
concentration of IL6 prevented the increase in the production of
the pro-inflammatory IL1f (levels decreased from 12.8 pg/mL to
3.2 pg/mL, P<.0001, Figure 4a), but did not change the produc-
tion of the other cytokines (Figure 4b-k).

Finally, to mimic whether the beneficial effect of a very high
concentration of IL6 on neurogenesis was due to the reduction
of IL1B cytokine production, cells previously exposed to high
MIF and IL6 (depressed patients) were co-treated with an anti-
body for IL1f (0.1 ng/mL). Similar to treatment with the very high
concentration of IL6, exposure to such antibody prevented a de-
crease in Map2+ cells (+15%, P<.01, vs high concentrations; sup-
plementary Figure 7b).

Very High Concentrations of IL6 Are More Effective
Than Antidepressants in an IL1f Plus MIF Co-
Incubation Model of Treatment-Resistant Depression

Having just demonstrated the ability for a very high concentra-
tion of IL6 (50000 pg/mL) to exert neurogenic protective prop-
erties in the presence of high concentrations of either IL1f (10
pg/mL) or MIF (300 pg/mL), as found in depressed patients, we
investigated whether exposing cells to both cytokines (IL1f
and MIF), as described in clinical studies of treatment-resistant
depressed patients (Cattaneo et al., 2013, 2016), would induce
a different neurogenic phenotype in response to IL6 or anti-
depressants. Specifically, we compared the effect of the very
high concentration of IL6, putatively anti-inflammatory and

antidepressant in our cellular model, with the effect of 2 anti-
depressants, sertraline and venlafaxine (both 1 uM), which we
previously showed to prevent the detrimental effects of IL1f in
our in vitro cellular model (Borsini et al., 2017).

Treatment of cells with high concentrations of IL1f and
MIF (resembling treatment-resistant depressed patients) re-
duced the percentage of DCX+ and Map2+ cells (respectively,
-4%, P<.01, and -11%, P<.001, Figure 5a,b, vs treatment with
low concentrations of IL13 and MIF resembling healthy individ-
uals). As hypothesized, treatment with high IL1p and MIF and
the very high concentration of IL6 prevented the decrease in
DCX+ and Map2+ cells (+18% for both markers, P<.001, vs the
high concentration resembling treatment-resistant patients;
Figure 5a,b). Surprisingly, neither antidepressant treatment was
able to prevent the decrease in DCX+ or Map2+cells induced by
high IL1f and MIF (Figure 5b), even if alone they did stimulate
neurogenesis (+6% in MAP2+ cells for both antidepressants,
P<.01; Figure 5b), and we showed in previous studies that these
antidepressants can either increase neurogenesis on their own
(Anacker et al., 2011) or prevent the reduction in neurogenesis
induced by IL1f alone (Borsini et al., 2017).

Also, treatment of cells with high concentrations of IL1f and
MIF (treatment-resistant depressed patients) increased the per-
centage of CC3+ cells (+9%, P < .001; Figure 5c) compared with
low IL1f and MIF (healthy individuals). Consistently with the
effects with the cytokines alone (supplementary Figures 3 and
6), or indeed of IL6 alone (supplementary Figure 1), treatment
with high IL1f and MIF and a very high concentration of IL6
did not prevent the increase in CC3+cells caused by high MIF
and IL6 (Figure 5c). However, treatment with sertraline, but not
venlafaxine, partially reduced the increase in CC3+ cells (-6%,
P < .05, Figure 5c, compared with the high concentrations).

We then measured the effects of high concentrations of
both IL1B and MIF (treatment-resistant depressed patients) vs
low concentrations (healthy individuals) on cytokine secretion
in supernatant of these cells. In particular, high concentrations
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Figure 4. Production of cytokines in supernatant of cells exposed to low and high concentrations of Macrophage Migration Inhibitory Factor (MIF) with low, high, and
very high concentrations of Interleukin 6 (IL6). Concentrations of cytokines in supernatant of cells treated for 3 days during proliferation followed by 7 days during
differentiation with low and high concentrations of MIF (10 pg/mL, 300 pg/mL) and IL6 (1 pg/mL and 5 pg/mL), and very high concentration of IL6 (50 000 pg/mL). Treat-
ment alone with a very high concentration of IL6 increased levels of all cytokines (a-k), whereas treatment with high concentrations of both MIF and IL6 significantly
upregulated their own production (d, i), increased IL1p (a), and decreased IL2, IL4, IL8, IL10, IL12, IL13, interferon gamma (IFN-vy), and tumor necrosis factor alpha (TNF-a)
(b,c, e f, g h,j, k) compared with low concentrations of MIF and IL6.Treatment with high MIF and a very high concentration of IL6 prevented the increase in IL1f3 caused
by high MIF and IL6 compared with low MIF and IL6 (a), but did not change the production of the other cytokines (b-k). Two-way ANOVA with Bonferroni’s post hoc test.
Data are shown as mean + SEM; *P < .05, "P < .01, "P < .001, ""P < .0001, compared with vehicle treatment or as indicated.



of IL1p and MIF upregulated their own production (Figure 6a,
i), and significantly decreased IL2, IL4, IL6, IL8, IL10, IL12, IL13,
IFN-v, and TNF-a (Figure 6b-k) compared with low concentra-
tions. Interestingly, treatment with high IL1f and MIF and a
very high concentration of IL6 increased the production of the
anti-inflammatory IL4 compared with low IL13 and MIF (from
1.5 pg/mL to 3.4 pg/mL, P<.0001; Figure 6c). No changes were
observed for the other cytokines (Figure 6a, b, d-k). These re-
sults were different from the effects of antidepressants, since
sertraline together with high IL13/MIF reduced the production of
IL6 (from 13.02 pg/mL to 7.2 pg/mL, P<.05; Figure 6d) but did not
change the production of the other cytokines, and venlafaxine
did not have any effects at all (Figure 6a, b, c, e-k).

Finally, to test whether the beneficial effect on neurogen-
esis by the very high dose of IL6 in the presence of the IL1f and
MIF together was due to the increase in IL4 and whether the
beneficial effects on apoptosis by sertraline were due to a reduc-
tion in IL6, cells previously exposed to high IL13 and MIF were
co-treated with either IL4 (3 pg/mL and 30 pg/mL) or an antibody
for IL6 (0.1 png/mL). Much like the very high dose of IL6, exposure
to IL4 prevented the decrease in DCX+ and Map2+ cells (DCX:
+6%, P<.05 for IL4 3 pg/mL, and +10%, P<.05 for IL4 30 pg/mL;
Map2: +17%, P<.01 for IL4 3 pg/mL, and +24%, P<.05 for IL4 30 pg/
mlL) (supplementary Figure 8a,b). Similarly, much like sertraline,
treatment with IL6A partially prevented the increase in CC3+
cells (+4%, P<.01, supplementary Figure 8f, compared with high
IL1p and MIF).

Discussion
In this study, we provide the first evidence, to our knowledge,

that treatment with high concentrations of IL6 and IL1f or MIF,
resembling levels found in blood and CSF of depressed patients,
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decreases neurogenesis when compared with low concentra-
tions of the same cytokines and resembling healthy subjects.
Interestingly, this effect is mediated via different mechanisms
based on the cytokine/s involved, with increased production
of the pro-inflammatory cytokines IL8 and IL1f on treatment
with, respectively, IL1f and IL6 together or MIF and IL6 together,
and reduced production of the anti-inflammatory cytokine IL4
on treatment with IL1f and MIF together. Interestingly, treat-
ment with a very high concentration of IL6, resembling that in
the blood of patients during putatively anti-inflammatory/anti-
depressant conditions like physical exercise and hyperthermia
(Raison et al., 2018), is able to prevent the decrease in neurogen-
esis in all 3 of these experimental conditions, that is, with IL1f,
MIF, and IL1f and MIF together. Moreover, this very high concen-
tration of IL6 does so by reversing the specific mechanisms acti-
vated by the 3 experimental conditions, that is, by reducing IL8
with IL1B, reducing IL1p with MIF, and increasing IL4 with IL1f
and MIF. Finally, using IL1$ and MIF in co-treatment (which we
propose as a model of treatment-resistant depression) we also
show that reduction in neurogenesis induced by this model can
respond to the very high dose of IL6 but not to the antidepres-
sants sertraline and venlafaxine.

This study identifies distinct and unique anti-inflammatory
and antidepressant properties of IL6, which follow a U-shaped
curve of its concentrations and varies in combinations with
other inflammatory cytokines. When cells are treated with dif-
ferent concentrations of IL6 alone, intermediate concentrations
decrease neurogenesis (50, 500, and 5000 pg/mL), but 1 pg/mL,
5 pg/mL, and the very high 50000-pg/mL concentrations do
not cause any changes. This is consistent with other studies
showing that IL6 can either not change or enhance neuronal dif-
ferentiation and that these findings are dependent on its con-
centration (Johansson et al., 2008; Islam et al., 2009; Zonis et al.,

c)

Map2 CC3

% CC3 positive cells

Figure 5. Very high concentrations of interleukin 6 (IL6) are more effective than antidepressants in an interleukin 1beta (IL1p) plus Macrophage Migration Inhibitory
Factor (MIF) co-incubation model of treatment-resistant depression. Treatment for 3 days during proliferation followed by 7 days during differentiation with high con-
centrations of IL1f (10 pg/mL) and MIF (300 pg/mL) significantly reduced the percentage of doublecortin (DCX)+ and microtubule-associated protein 2 (Map2)+ cells
compared with co-treatment with low concentrations of IL1f (1 pg/mL) and MIF (10 pg/mL). In contrast, co-treatment with high IL1p and MIF and a very high concentra-
tion of IL6 was able to prevent the decrease in DCX+ and Map2+ cells caused by treatment with high IL18 and MIF. Although, treatment alone with sertraline (Sert) and
venlafaxine (Ven) (1 uM both) increased the percentage of Map2+cells compared with control, co-treatment of high IL1$ and MIF with both antidepressants did not
cause any changes in either DCX+ or Map2+cells compared with high IL1f and MIF (a, b). Co-treatment of cells with high concentrations of IL1 and MIF increased the
percentage of caspase 3 (CC3)+ cells compared with low concentrations of IL1 and MIF. However, co-treatment with high IL13 and MIF and a very high concentration
of IL6 did not prevent the increase in CC3+cells caused by high MIF and IL6. Instead, co-treatment with high IL18 and MIF and venlafaxine, but not sertraline, partially
reduced the increase in CC3+cells caused by high IL1f and MIF (c). Two-way ANOVA with Bonferroni’s post hoc test. Data are shown as mean + SEM; *P < .05, P < .01,

"'P <.001, compared with vehicle treatment or as indicated.
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Figure 6. Production of cytokines in supernatant of cells exposed to low and high concentrations of IL1 and Macrophage Migration Inhibitory Factor (MIF) with very
high concentrations of Interleukin 6 (IL6) or antidepressants. Concentrations of cytokines in supernatant of cells treated for 3 days during proliferation followed by
7 days during differentiation with low and high concentrations of IL1f (1 pg/mL, 10 pg/mL) and MIF (10 pg/mL and 300 pg/mL) and very high concentration of IL6 (50000
pg/mL) or sertraline (Sert) and venlafaxine (Ven) (1 pM, both). Treatment with a very high concentration of IL6 increased the levels of all cytokines (a-k); however,
sertraline and venlafaxine did not change levels of any cytokine (a-k). Treatment with high concentrations of IL1f and MIF significantly upregulated their own produc-
tion (a, i) and decreased IL2, IL4, IL6, IL8, IL10, IL12, IL13, interferon gamma (IFN-y), and tumor necrosis factor alpha (TNF-a) (b-h, j, k) compared with low concentrations
of IL1f and MIF. Interestingly, treatment with high IL1p and MIF and a very high concentration of IL6 decreased the production of the anti-inflammatory IL4 caused by
high IL1p and MIF compared with low IL1f and MIF (c). No changes were observed on the other cytokines (a, b, d-k). However, treatment with high IL1 and MIF and
sertraline, but not venlafaxine, reduced the production of IL6 caused by high IL1p and MIF compared with treatment with low IL1p and MIF (d) but did not change the
production of the other cytokines (a—c, e -k). Two-way ANOVA with Bonferroni’s post hoc test. Data are shown as mean + SEM; *P < .05, "P < .01, "P < .001, ""P < .0001,
compared with vehicle treatment or as indicated.



2013; Borsini et al., 2015). Similarly, when cells are exposed to
low concentrations of IL6 (1 pg/mL) together with low concen-
trations of IL1f3 (1 pg/mL) or MIF (10 pg/mL), as found in healthy
individuals (Lindqvist et al., 2009; Pawlitzki et al., 2018), we do
not observe any changes in neurogenesis. In contrast, high con-
centrations of IL6 (5 pg/mL) with either IL13 (10 pg/mL) or MIF
(300 pg/mlL), as found in depressed patients (Piletz et al., 2009;
Hestad et al., 2016; Kranaster et al., 2018; Tsuboi et al., 2018), de-
crease dramatically the percentage of newly generated neurons
compared not only with low concentrations of the same com-
bination of cytokines but also with the cytokines alone. Indeed,
high concentrations of IL6 (5 pg/mL) alone do not affect neuro-
genesis but added to either IL1f (10 pg/mL) or MIF (300 pg/mL)
further reduces neurogenesis beyond the effects of the 2 cyto-
kines alone (from -12% to —-20% for IL1p and from -18% to -22%
for MIF). This confirms the notion that IL6 may shift towards a
more pro-inflammatory status when in the presence of other
pro-inflammatory cytokines, like IL1$ or MIF, but not when used
alone. To our surprise, however, when we expose cells to IL1f or
MIF and a very high concentration of IL6 (50000 pg/mL, a con-
centration that alone does not affect neurogenesis), the IL13- or
MIF-induced reduction in neurogenesis is fully prevented, and
levels return similar to those elicited by low concentrations of
IL6 with IL1f or MIF (healthy individuals).

One of the possible mechanisms through which very high
levels of IL6 exert neuroprotective properties could be via
regulation of downstream molecules involved in the inflam-
matory response. When inflammation is triggered, high con-
centrations of IL6 are released into circulation together with
other cytokines, including IL1f3 and TNF-a (Raison et al., 2018).
This process, known as “trans-signaling,” accounts for the in-
flammatory actions of IL6, which include activation of neu-
trophils, as well as production of C-reactive protein and other
acute phase proteins (Del Giudice and Gangestad, 2018). On
the other hand, during putatively anti-inflammatory/anti-
depressant conditions, like exercise, fasting, or hyperthermia,
very high concentrations of IL6 are produced (up to 1000-fold
higher than baseline), and these can inhibit the release of the
same pro-inflammatory cytokines, IL1f and TNF-q, and induce
the production of IL10, the body’s primary anti-inflammatory
cytokine (Del Giudice and Gangestad, 2018; Raison et al., 2018).
This process, also called “classical signaling pathway,” is the
main anti-inflammatory mode of action of IL6. For example, in
healthy individuals exposed to acute exercise, IL6 is stimulated
in very high amounts, at least 100-fold higher than baseline
(Pedersen and Febbraio, 2008), while IL13 and TNF-a levels are
reduced and the anti-inflammatory IL10 and IL1 receptor an-
tagonist are increased (Raison et al., 2018). Similarly, in healthy
individuals, mice exposed to fasting, or depressed patients re-
ceiving hyperthermia, IL6 levels are also very high (up to 1000-
fold than baseline), whereas IL13 and TNF-a concentrations
are relatively low (Raison et al., 2018). Therefore, a similar pat-
tern in IL6 production can be seen across all these interven-
tions (physical exercise, hyperthermia, and fasting), which are
known to have both antidepressant and mood-elevating prop-
erties. In fact, ketamine, which is able to produce a rapid and
profound antidepressant effect, also acutely increases circu-
lating levels of IL6 (Park et al., 2016). Interestingly, IL6 can have
beneficial properties not only in the context of depression but
also in other pathological conditions such as neurodegenerative
disorders. For example, in an in vitro rat model of Parkinson’s
disease, an increase in IL6 concentration (up to 100-fold higher
than baseline) protects against neurotoxic effects induced by
1-methyl-4-phenylpyridinium, a compound that mimics the
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selective neuronal loss observed in Parkinson’s disease (Hama
et al., 1991). Similarly, in an in vivo transgenic mouse model of
Alzheimer’s disease, overproduction of IL6 (up to 10-fold higher
than baseline) attenuates beta-amyloid peptide deposition and
enhances plaque clearance (Chakrabarty et al., 2010). Overall,
this confirms the notion, eloquently proposed by Raison et al,
2018 that IL6, although being regarded as a “bad kid” for its pro-
inflammatory properties, is in fact a “good kid” able to exert
anti-inflammatory and anti-depressant properties when ex-
pressed at very high concentrations, through which it reduces
(or maintains) the concentration of other concomitant pro-
inflammatory cytokines to relatively low and harmless levels
(Raison et al., 2018).

This previous evidence is also in line with our mechanistic
in vitro experiments. Treatment with a very high concentration
of IL6 reduces the production of the pro-inflammatory cytokines
IL8 and IL1B (induced by, respectively, high IL13 or MIF) and in-
creases the production of IL4 (which is reduced by co-treatment
with high IL1f and MIF). Clinical studies show that the concen-
trations of both IL8 and IL1f in peripheral blood and CSF are
higher in depressed patients compared with healthy individ-
uals, whereas it is the opposite for IL4, where levels are lower
in depressed than in healthy individuals (Piletz et al., 2009;
Cattaneo et al.,, 2013; Hestad et al., 2016; Tsuboi et al., 2018).
Interestingly, in our study, the concentrations of IL8, IL1f, and
IL4 in the cell supernatant of the experimental conditions re-
sembling depressed patients were very similar to the actual con-
centrations found in blood and CSF of depressed patients (Piletz
et al,, 2009; Hestad et al., 2016; Tsuboi et al., 2018), confirming
the validity of our model as “depression in a dish.” Previous
studies of in vitro and in vivo models of depression have also
found that IL8 and IL1B can detrimentally reduce neurogen-
esis and that IL4 can instead increase both neuronal and glial
differentiation (Bluthe et al., 2002; Goshen et al., 2008; Koo and
Duman, 2008; Borsini et al., 2015, 2017; Ryu et al.,, 2015; Wang
et al., 2018). Moreover, pharmacological inhibition of IL8 receptor
CXC chemokine receptor 2, or inhibition of IL1f signal via treat-
ment with IL1RA, can prevent the decrease in neurogenesis and
reduce depressive-like behaviors caused by IL8 and IL1f (Wang
et al., 2007; Goshen et al., 2008; Koo and Duman, 2008; Ryu et al.,
2015), therefore confirming the involvement of these cytokines
not only in the pathogenesis but also in the treatment of depres-
sive disorders.

Although both IL8 and IL4 are of particular interest in the
context of depression, there is still a lack of understanding of
their exact role in this disorder. One study has examined the ex-
pression of IL8 in response to ex vivo lipopolysaccharide stimu-
lation of whole blood from depressed patients and found that a
high IL8 level is strongly associated with disorder status, even
after adjustment for several patients’ lifestyle and health fac-
tors (Vogelzangs et al., 2016). It is still unknown, however, which
signaling pathways may be involved in these effects. IL8 induces
activation of several immune-related transcription factors,
including nuclear factor kappa-light-chain-enhancer of acti-
vated B cells and signal transducer and activator of transcrip-
tion 1 (Manna and Ramesh, 2005; Guo et al., 2017), which we
have previously shown to be involved in the detrimental effects
exerted by cytokines on neurogenesis in our in vitro model of
“depression in a dish” (Horowitz et al., 2014; Borsini et al., 2018).
In contrast to IL8, IL4 has beneficial properties, with high levels
of the cytokine known to be associated with reduced depres-
sive and anxiety symptoms in patients (Cattaneo et al., 2013;
Hou et al., 2017). IL4 is a very well-known anti-inflammatory
cytokine that is able to shift the production of T helper 1 (Th1)



748 | International Journal of Neuropsychopharmacology, 2020

type pro-inflammatory cytokines, like IL2 and IL12, to Th2 type
anti-inflammatory cytokines, such as IL10 (Sutcigil et al., 2007),
while a high Th1:Th2 activation ratio is often observed in pa-
tients with major depression (Myint et al., 2005). In our study,
treatment with high IL1p and MIF and the very high concen-
tration of IL6 increased both neurogenesis and concentration
of IL4 to levels originally found with low IL1p and MIF (resem-
bling healthy individuals); however, concentrations of IL2, IL12,
and IL10 remained unchanged. This perhaps suggests that, in
the presence of very high concentrations of IL6, the way IL4
exerts its neurogenic properties may not be mediated by pro-
duction or inhibition of those candidate cytokines but instead
by other mechanisms. IL4 can in fact increase the expression
of several neurogenic factors, including growth factor receptors
like EGF receptor and fibroblast growth factor receptor 1 (Puri
et al., 2005), which can positively affect neurogenesis (Oliveira
et al., 2013). Overall, this evidence highlights the importance of
both IL8 and IL4 in the context of depression, with their pro- and
anti-inflammatory properties, respectively, reflected in their po-
tential ability to contribute to (IL8) or protect from (IL4) the de-
velopment of depression.

On their own, the cytokines IL1f and MIF also deserve at-
tention for their role as predictors of antidepressant treatment
response. In particular, findings from our previous publications
have shown that patients with high baseline mRNA levels of
both IL1B or MIF, but not other cytokines, are less likely to re-
spond to antidepressant treatment (Cattaneo et al., 2013, 2016),
making treatment with both IL1f and MIF a good in vitro model of
treatment-resistant depression. In our study, high concentrations
of both IL1p and MIF decrease neurogenesis and increase apop-
tosis, not only compared with low concentrations of IL1 and MIF
but also compared with either cytokines alone. Indeed, high con-
centrations of IL1f or MIF alone reduce neurogenesis (-12% and
—18%, respectively, vs control condition) and increase apoptosis
(+8% and +11%, respectively, vs control condition), and this ef-
fect becomes even stronger when both IL1f and MIF are used in
co-treatment (-22% neurogenesis and +16% apoptosis vs control
condition). Moreover, these effects are mediated by a reduction
in IL4 (for neurogenesis) and an increase in IL6 (for apoptosis).
This is in accordance with previous evidence suggesting that IL13
and MIF can indeed govern the production of several downstream
cytokines, including IL4 and IL6, as well as other molecules, such
as Endothelial Growth Factor and Notch, which are involved in the
regulation of cell proliferation, neurogenesis, and neuroplasticity
(Leemans et al., 2011; Anacker et al., 2013a; Radi et al., 2014).

Since high levels of IL1f and MIF predict a lower response
rate to antidepressants in patients, we investigated the effect of
treatment with 2 antidepressants, sertraline and venlafaxine,
in our in vitro model and compared that with treatment with
the very high concentration of IL6. Interestingly, neither anti-
depressant was able to prevent changes in neurogenesis
caused by the high concentrations of IL1f and MIF, while
treatment with a very high concentration of IL6 did prevent
the reduction in neurogenesis and increased IL4 production.
This is a major finding, as it shows for the first time to our
knowledge, albeit in an experimental model, that a very high
concentration of IL6 can be more effective than SSRI and SNRI
antidepressants in preventing inflammation-induced reduc-
tion in hippocampal neurogenesis, a mechanism involved
both in depression and antidepressant treatment response
(Santarelli et al., 2003; Boldrini et al., 2009, 2014). Therefore,
this suggests that treatment with very high concentrations of
IL6 might be a suitable therapeutic approach in treatment-
resistant depression, especially for those patients having

high baseline levels of inflammation—consistent with the
aforementioned clinical evidence that similarly very high
concentrations of IL6 are induced by putative antidepressant
interventions like hyperthermia and fasting (Wueest et al.,
2014; Raison et al., 2018).

Of course, we acknowledge the limitation that this is an in
vitro system with an immortalized cell line. However, while
theoretically this system may differ from the scenario of an
adult in vivo environment and the adult neurogenic niche,
over the years we have been able to replicate all our results
with this in vitro model in either animal or clinical studies,
including changes in neurogenesis by cortisol, IL1f3, IFN-a, and
antidepressants and changes in stress- and antidepressant-
regulated genes in both the whole-blood mRNA of depressed
patients and the hippocampal mRNA of animal models of de-
pression (Anacker et al.,, 2011, 2013a, 2013b; Zunszain et al.,
2012; Horowitz et al., 2014; Borsini et al., 2017). Therefore, we are
confident that our results are relevant to the human brain. Of
note, the majority of our progenitor cells can differentiate into
neurons (70%-80%), where cytokines can be constitutively ex-
pressed (Breder et al., 1994; Gadient and Otten, 1994; Ringheim
et al., 1995; Galic et al., 2012). Our cells also differentiate into
astrocytes (20%-30%), but not in microglia. In this study, we
did not assess the effect of the cytokines on astrogliogenesis,
as we decided to primarily focus on neuronal differentiation
and cell apoptosis. Considering our previous study showing
that cortisol reduces astrogliogenesis (Anacker et al., 2013a), in
our future studies we aim to extend these findings and explore
which cell type (neuron and/or astrocyte) is most responsible
for subsequent downstream cytokine production as well as
glia-related changes on exposure to different concentrations
and treatment combinations of the above cytokines.

In summary, our study reveals the ability of very high con-
centrations of IL6 to prevent reduction in neurogenesis caused
by high concentrations of IL6 with IL13 or MIF (resembling de-
pressed patients) or by high concentrations of both IL1f and
MIF together (resembling treatment resistant depressed pa-
tients) via regulation of distinct signaling molecules. Overall,
our results demonstrate the ability for IL6 to exert both pro- and
anti-inflammatory as well as (potentially) antidepressant prop-
erties, which are dependent on its concentration and the various
combinations with other inflammatory cytokines.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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